Background: Curcumin (diferuloylmethane) has chemopreventive and therapeutic properties against many types of tumors, both in vitro and in vivo. Previous reports have shown that curcumin exhibits anti-invasive activities, but the mechanisms remain largely unclear. Methods: In this study, both microRNA (miRNA) and messenger RNA (mRNA) expression profiles were used to characterize the anti-metastasis mechanisms of curcumin in human non-small cell lung cancer A549 cell line. Results: Microarray analysis revealed that 36 miRNAs were differentially expressed between the curcumin-treated and control groups. miR-330-5p exhibited maximum upregulation, while miR-25-5p exhibited maximum downregulation in the curcumin treatment group. mRNA expression profiles and functional analysis indicated that 226 differentially expressed mRNAs belonged to different functional categories. Significant pathway analysis showed that mitogen-activated protein kinase, transforming growth factor-β, and Wnt signaling pathways were significantly downregulated. At the same time, axon guidance, glioma, and ErbB tyrosine kinase receptor signaling pathways were significantly upregulated. We constructed a miRNA gene network that contributed to the curcumin inhibition of metastasis in lung cancer cells. let-7a-3p, miR-1262, miR-499a-5p, miR-1276, miR-331-5p, and miR-330-5p were identified as key microRNA regulators in the network. Finally, using miR-330-5p as an example, we confirmed the role of miR-330-5p in mediating the anti-migration effect of curcumin, suggesting the importance of miRNAs in the regulation of curcumin biological activity. Conclusion: Our findings provide new insights into the anti-metastasis mechanism of curcumin in lung cancer.
Introduction
Lung cancer is the major cause of cancer-related mortality worldwide. The outcome of chemotherapeutic agents long used in clinical treatment remains disappointing. Phytochemicals, such as curcumin (diferuloylmethane), an active component of the spice turmeric (Curcuma longa), have encouraging anti-cancer effects. Curcumin shows chemopreventive and therapeutic properties against many tumors, both in vitro and in vivo. [1] [2] [3] [4] A plethora of molecular targets such as Jun N-terminal kinase (JNK), cJun/AP-1, P53, and nuclear factor κB, and signaling pathways such as phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) are modulated by curcumin, resulting in the inhibition of cell proliferation, invasion, metastasis, and angiogenesis, and the induction of apoptosis. [5] [6] [7] Previous studies from our laboratory have shown that curcumin inhibits lung cancer cell proliferation and induces cell apoptosis through the lysosomal and reactive oxygen species-dependent mitochondrial signaling pathways. 8 Recently, studies have further focused on the anti-invasion and anti-metastasis effect of curcumin in many types of cancers. Zhu et al. reported that curcumin could induce apoptosis and inhibit invasion through mitogen-activated protein kinase (MAPK) and matrix metalloproteinase (MMP) signaling in human monocytic leukemia SHI-1 cells. 9 Wang et al. demonstrated that curcumin suppresses growth and invasion and induces apoptosis in glioma cells by inhibiting the Skp2 pathway. 10 In lung cancer, the protein kinase C alpha (PKCα)/NADPH oxidase 2 (Nox-2)/ reactive oxygen species (ROS)/activating transcription factor-2 (ATF-2) pathway was involved in the antiinvasion effect of curcumin. 11 Although more and more molecular targets and pathways are being discovered, the mechanisms of curcumin on lung cancer metastasis remain largely unknown.
MicroRNAs (miRNAs) are a class of~22 nt endogenous, non-coding RNAs generated from a larger stem loop structure, which can be expressed in a cell-specific or tissue-specific manner, influencing messenger RNA (mRNA) stability and translation. miRNAs are reported to be involved in many biological processes, including migration, invasion, epithelial to mesenchymal transition (EMT), and metastasis. For example, miR-21 is reported to be involved in growth, invasion, and chemoresistant or radioresistant non-small-cell lung cancer. miR-21 overexpression downregulates phosphatase and tensin homolog (PTEN) expression levels in A549 cells.
12 miR-483-5p is upregulated in human lung adenocarcinoma, which is correlated with the progression of lung cancer. 13 Recently, several miRNAs, such as miR-135a, miR-146a, and miR-200, have been shown to be involved in the EMT of lung cancer. [14] [15] [16] Furthermore, studies have shown that miR29a and miR-200 inhibit proliferation and invasion in lung cancer cells in vitro, and this function might be mediated through the post-transcriptional regulation of several proteins or abrogate the capacity of cells to undergo EMT. 17, 18 These results show the important roles of miRNAs in anti-lung cancer metastasis. Although a large number of miRNAs have been described in lung cancer, few global miRNA analyses have been performed to examine the inhibitory effects of curcumin on lung cancer metastasis.
In this study, by integrating miRNA and gene expression data from A549 cells and their curcumin-treated counterparts, we revealed the miRNA-mRNA interaction networks potentially involved in curcumin-inhibited lung cancer metastasis. Moreover, we identified five key miRNAs involved in the inhibition of A549 cell migration and invasion by curcumin. These findings provide new insights into the mechanism of curcumin regulated miRNAs and mRNA expression profiles for anti-metastasis.
Methods

Reagents and cell culture
Curcumin was purchased from Sigma-Aldrich (St. Louis, MO, USA). The A549 human non-small cell lung cancer cell line was obtained from the cell bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium containing 10% fetal bovine serum at 37 C with 5% v/v CO 2 .
Methyl thiazolyl tetrazolium (MTT) assay
The anti-proliferation effect of curcumin on A549 cells was determined by methyl thiazolyl tetrazolium (MTT) assay. Briefly, the cells were seeded in quintuplicate at a density of 5 × 10 3 cells per well in a 96-well plate. After 24 hours of culture, curcumin was added to each well and incubated for 12, 24, and 48 hours. The cells were then washed with phosphate buffered saline (PBS) and 20 μL MTT solution (5 mg/mL) was added. After four hours of incubation at 37 C, 150 μL isopropanol was added. The absorbance of MTT-formazan was measured at 570 nm. 
Migration and invasion assay
For the wound-healing assays, transfected and nontransfected A549 cells were allowed to grow to 80-90% confluence in 24-well plates. A pipette tip was used to scrape the cell monolayer to induce the wound. After washing with PBS, the cells were exposed to indicated concentrations of curcumin. At the next two time points (0 and 24 hours), the wound closure was photographed under a Leica inverted microscope (Leica Microsystems, Wetzlar, Germany) and transwell assay was carried out. In brief, 5 × 10 4 cells were plated on the transwell upper chamber (in a 24-well plate) and coated with 10 μg Matrigel/well in serum-free medium containing 0.1% bovine serum albumin and 10 μM curcumin; 10% fetal bovine serum medium in the lower chamber served as the chemoattractant. After 48 hours, non-invading cells were removed with cotton swabs. The invading cells were observed and photographs were taken under optical microscope. All experiments were carried out in triplicate.
Real-time PCR array analysis
Total RNA was isolated from cultured A549 and A549 treated with 10 μM curcumin. Reverse transcription was performed to generate cDNAs. Samples were loaded onto 384-well microfluidic cards (TaqMan Array Human MicroRNA A+B Card Set v3) using a 7900HT RT-PCR System (Life Technologies, Gaithersburg, MD, USA). Experimental data were then analyzed using SDS 2.2.2 software (Applied Biosystems, Foster City, CA, USA) and the relative miRNA expression values were calculated using U6 small nuclear RNA as an endogenous control according to the ΔΔCt method. A Ct value < 40 was defined as the limit of detection of the individual assays. 19 
Gene microarray analysis
Total RNA was isolated from A549 and curcumin (10 μM, 24 hours) treated A549 cells. A total of 100 ng of total RNA was reverse transcribed to cDNA, which was used as template in the following reaction. The biotinylated cDNA (5 μg) was then fragmented and hybridized to a GeneChip Human Gene 1.0 ST Array (Affymetrix Inc., Santa Clara, CA, USA). All microarray experiments were performed in triplicate. GeneChips were then scanned using GeneChip Scanner 3000 7G Plus 2 and Command Console Software (AGCC) version 1.0 (Affymetrix Inc.). Raw gene expression data in the generated CEL files were then normalized using the Robust MultiChip Averaging (RMA) algorithm. 20 Integrated analysis of significant trends of miRNA and messenger RNA (mRNA)
The relationships between differentially expressed miRNAs and mRNAs were further analyzed. The predicted mRNA targets of each of the miRNAs that were differentially regulated were obtained using TargetScan version 5.1 (Whitehead Institute for Biological Research, Cambridge, UK). The intersection genes between the miRNA target genes and the different expressing genes were analyzed by spike-triggered covariance analysis. Corresponding miRNAs were analyzed in the next step.
Gene ontology (GO) and pathway analysis
Gene ontology (GO) analysis was applied to analyze the main function of the differential expression genes according to the Gene Ontology database, the key functional classification of the National Center for Biotechnology Information. Specifically, two-side Fisher's exact and χ 2 tests were used to classify the GO category, and the false discovery rate (FDR) was calculated to correct the P value. Pathway analysis was used to determine the significant pathway of the differential genes according to KEGG, Biocarta, and Reatome databases. Fisher's exact and χ 2 tests were then used to select the significant pathway, and the threshold of significance was defined by P value and FDR.
miRNA gene network
To build a miRNA gene network, we counted the differential expression values between miRNAs and genes, according to their interactions in the Sanger miRNA database. The adjacency matrix of microRNA and genes A = [ai,j] was made by attributing relationships between genes and microRNA, where ai,j represents the weight of the relationship between gene i and microRNA j. In the miRNA gene network, the circles represent genes and their interactions are represented by the edges. The center of the network was represented by degree, which is the contribution of one miRNA to the genes around it or the contribution of one gene to the miRNAs around it. The key miRNAs and genes in the network displayed the greatest degrees.
Statistical analysis
All statistical analyses were performed using SPSS version 13.0 (SPSS Inc., Chicago, IL, USA). Data were expressed as mean AE standard deviation. The statistical difference of data between groups was analyzed by Student's t test. Differences were considered significant when P < 0.05.
Results
Low curcumin concentrations inhibit migration and invasion but not proliferation in lung cancer A549 cells
In a previous study, we found that curcumin inhibited lung cancer 801D cell proliferation in concentration-dependent manner. Low concentrations of curcumin did not affect 801D cell proliferation, but significantly suppressed cell migration and invasion. 21 To further confirm the effects of curcumin in lung cancer cells, A549 cells were treated with various concentrations of curcumin (10, 20, 40 μM) and the cell viabilities of each group were tested by MTT assay.
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As shown in Figure 1a , curcumin treatment resulted in time and dose dependent loss of cell viability. However, lower concentrations of curcumin (10 μM) were shown to have a weak effect on lung cancer cell growth within 24 hours of treatment. We then measured the effect of curcumin on the invasive ability of A549 cells. A Boyden chamber coated with Matrigel was used in a dosage experiment. The results showed that the number of invaded cells was significantly reduced in 10 μM in the curcumin treated group (Fig 1b) . The inhibitory effect of curcumin (10 μM) on A549 cell migration was also confirmed by woundhealing assay (Fig 1c) . These data demonstrated that lower concentrations of curcumin significantly inhibited the invasion and migration of A549 cells. As a result, 10 μM curcumin was used for migration and invasion experiments and microarray analysis.
Curcumin treatment alters miRNA expression profiles
To understand the mechanisms of how curcumin inhibited migration and invasion in A549 cells, we treated the A549 cells with 10 μM of curcumin for 24 hours, extracted the total RNA, and profiled miRNA levels on microarrays (TaqMan Array Human MicroRNA A+B Card Set v3, Life Technologies). When we set the cut-off as a fold change > 2.0 and P < 0.05 between the curcumin-treated and control groups, 36 differentially expressed miRNAs were identified (Table S1 ). The miR-330-5p exhibited maximum upregulation (fold change 142.34) and the miR-25-5p exhibited maximum downregulation (fold change 0.005 [200 times downregulated]) in the curcumin-treated compared to the control group. These data suggest that in A549 cell migration and invasion, curcumin may modulate the expression of some key miRNAs.
Curcumin treatment alters mRNA expression profile
The total RNA samples were also used for mRNA profiling. We analyzed the global gene transcription profiles of the lung cancer cells treated with 10 μM of curcumin. We found that 86 genes were upregulated and 140 genes were downregulated by curcumin when using fold change > 2 and P < 0.01 as a cut-off (data not shown). Functional annotation of the differentially expression genes was conducted using the National Institutes of Health DAVID database. The results showed that specific enriched Functional (GO) analysis of the differential miRNA regulated target genes TargetScan 5.1 was used to predict potential mRNAs with targets of 36 differentially expressed miRNAs. GO analysis was performed on the list of predicted target mRNAs that corresponded with altered mRNAs after curcumin treatment. The results showed that the top GO category of downregulated mRNAs was multicellular organismal development, while the top GO category of upregulated mRNAs was genes regulating sodium ion transport (Fig 2) .
Signal transduction pathway analysis of differential miRNA target genes
Significant pathway analysis of the negatively related intersections of the target genes was performed using methods similar to the abovementioned gene function analysis. We found that the upregulated miRNA target genes were involved in 27 signal pathways, while the downregulated miRNA target genes were involved in 16 (P < 0.05, FDR < 0.05). Significantly downregulated pathways included MAPK, transforming growth factor-β (TGF-β), and Wnt signaling pathways (Fig S1) . Significantly upregulated pathways included Axon guidance, glioma, and ErbB signaling pathways. These results were similar to those found using GO analysis, indicating that differential miRNA target genes are involved in many cellular pathways, promoting lung cancer occurrence and development.
Integrated analysis of the miRNA and mRNA expression profiles in the curcumintreated A549 cells
It is well known that miRNAs induce mRNA degradation and regulate protein expression by post-transcriptional silencing. Therefore, miRNA levels should be inversely correlated to the levels of target gene transcripts. To understand the mechanisms of curcumin in suppressing the migration and invasion of lung cancer cells, we analyzed Figure 2 Gene ontology analysis identified potential messenger RNA functional categories regulated by microRNAs between the curcumin-treated and control groups. Gene ontology analysis was performed on messenger RNAs predicted to be targets of micro RNAs. Three technical and one biological replicate was used for each experiment, except methyl thiazolyl tetrazolium assay, which had five biological replicates included. Only categories with a P value < 0.05 are included. The negative log of the P value is plotted on the x-axis. the potential association of differentially expressed miRNAs with mRNAs. Our results revealed that 14 out of 75 upregulated miRNAs (20%) had 100 downregulated mRNA targets, while 20 out of 74 downregulated miRNAs (27%) had 104 upregulated target mRNAs in the curcumin-treated A549 cells. Furthermore, curcumin inhibited the migration and invasion of A549 cells via a network formed by these miRNAs and mRNAs. Thus, miRNAs might play key roles in this process. Further, we focused on seven miRNA regulators that have higher degrees in the miRNA-mRNA network and might have key regulation roles in curcumin-inhibited lung cancer metastasis (Fig 3) .
miR-330-5p mimics significantly inhibited A549 cell migration
Because miR-330-5p exhibited maximum upregulation in curcumin treated A549 cells, we performed miRNA mimic transfection and wound-healing assays to evaluate the inhibitory effect of miR-330-5p on A549 cell migration. Our results showed that miR-330-5p mimic transfection significantly inhibited A549 cell migration, and the effect was similar to that exhibited by curcumin. When the miR-330-5p inhibitor was used, it partly counteracted the inhibitory effect of curcumin on A549 cell migration (Fig 4) . These results suggest that key miRNAs exist and are necessary for curcumin to have an effect on anti-lung cancer migration.
Discussion
Curcumin is a natural polyphenol compound that has potent anti-proliferative and anti-metastasis effects on various cancers. 22, 23 In this study, we found that relatively low concentrations of curcumin significantly inhibited the migration of lung cancer A549 cells. Twenty-one miRNAs were upregulated, whereas 15 miRNAs were downregulated with curcumin treatment. Integrated microRNA and gene expression profiling reveals that curcumin increased the expression of 86 mRNAs and decreased the expression of 140 mRNAs. Using miR-330-5p as an example, we showed that screened miRNAs and their targeted genes were involved in curcumin-mediated lung cancer cell migration. Previous studies have shown that miR-330-5p is highly expressed and acts as tumor suppressor in a variety of tumors, including pancreatic cancer, glioblastoma, and cutaneous malignant melanoma. [24] [25] [26] In our study, the KEGG pathway and GO enrichment analysis showed that many signaling pathways participated in lung cancer metastasis. To narrow the scope and evaluate the most significant candidates, future studies could focus on miRNAs and their target genes in the intersection of pathways in cancer, such as the MAPK, TGF-β, and Wnt signaling pathways. miR-302b-3p and let-7f-2-3p might be key regulators of the MAPK and Wnt signaling pathways, respectively. The classic MAPK pathway consists of RAS, RAF, MEK1/2, and ERK1/2, which sequentially relay proliferative signals generated at cell surface receptors through cytoplasmic signaling into the nucleus. 27 Numerous reports indicate that the MAPK pathway plays a major role in tumor progression and invasion, while inhibition of MAPK Figure 4 microRNA (miR)-330-5p is involved in the (a) anti-migration and (b) invasion effects of curcumin. Compared to the control and negative control, the miR-330-5p mimic significantly inhibited the migration and invasion of lung cancer A549 cells, which was similar to the effect of curcumin. Furthermore, miR-330-5p inhibitors can partly counteract the inhibitory effect of curcumin on A549 cell migration and invasion. Scale bar = 200 μm. Columns, mean from three different experiments with three duplicates; bars, standard error (*P < 0.05 and **P < 0.01 vs. control or indicated control).
Thoracic Cancer 8 (2017) 461-470signaling reduces invasion. 28 Notably, our data revealed that the MAPK signaling events were downregulated by curcumin and their expressions were likely regulated by miR190a, miR-34a-5p, miR-330-5p, miR-338-3p, miR-1276, miR-544a, miR-331-5p, and miR-302b-3p. Likewise, the Wnt signaling pathway includes the canonical or Wnt/betacatenin pathway in which Wnt proteins bind to "frizzled" receptors, which leads to downstream activation of gene transcription by beta-catenin. In our study, Wnt signaling events were downregulated by curcumin and were likely targeted by miR-544a, miR-302b-3p, miR-335-5p, and miR-338-3p. These data suggest a positive regulatory role of miRNAs for their target genes by some alternative indirect mechanisms, particularly for those genes involved in cell migration. We are interested in further investigating how curcumin modulates the transcription of these miRNAs and their predicted target genes in lung cancer cells.
More importantly, five key classifying modules were identified, whose target gene members were enriched in KEGG pathways: miR-330-5p, miR-331-5p, miR-499a-5p, miR-1276, and let-7a-3p modules. Their predicted functions have been reported to be associated with tumor metastasis activity. We predicted that miR-330-5p targeted PARVA, miR-331-5p targeted TGFB2, miR-499a-5p targeted CDH2, miR-1276 targeted CD44, and let-7a-3p targeted BMPR2. In previous studies, downregulation of the miR-330 family miRNA has been reported in various human malignant diseases, and the role of miR-330 family miRNA in tumor suppression has also been examined. 29, 30 miR-1276 has been reported to be a NF-κB target miRNA in tumor necrosis factor α-stimulated HepG2 cells. Bioinformatic analysis revealed that two potential target genes of miR-1276, BMP2 and CASP9, were also enriched in lung cancer. 31 miR-331-5p was found to be involved in doxorubicin resistance in K562 leukemia cells. 32 In addition, miR499a was increased in hepatitis B virus-mediated hepatocellular carcinoma cell proliferation and migration by targeting MAPK6. 33 Very few studies have reported the role of let-7a-3p in carcinogenesis and none have examined miRNAs in curcumin-anti-metastasis. 34, 35 Our results may provide some clues enabling further functional characterization of the role of these miRNAs and their target genes in this process.
miR-330-5p is a member of the miR-330 family; however, the expression level and downstream target genes of miR-330-5p, as well as its biological roles in lung cancer, are still unknown. In our study, miR-330-5p exhibited maximum upregulation in the curcumin treatment group and had higher degrees in our miRNA-mRNA network. It is exciting to speculate that miR-330-5p may represent the first non-coding miRNA to be related to curcumin treatment in lung cancer. miR-330-5p mimic transfection significantly inhibited A549 cell migration, while miR-330-5p inhibitor transfection attenuated curcumin anti-migration on lung cancer cells. These results suggest that curcumin manipulates the levels of key microRNAs, such as miR-330-5p, and may help to potentiate the anti-cancer and anti-metastatic effects of curcumin.
In conclusion, using miRNA and mRNA expression profiling, we demonstrated that the expression of a number of miRNAs and their predicted target genes was altered in A549 cells in response to curcumin. Analysis of the differentially expressed mRNAs and miRNAs revealed a signaling network that could mediate curcumin-anti-metastasis activities in A549 cells. These findings provide new insights into the mechanism of curcumin-anti-metastasis. 
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Figure S1 microRNA (miRNA) target genes were involved in many cellular pathways. Significant pathways targeted by (a) upregulated miRNAs and (b) downregulated miRNAs. The vertical axis is the pathway category, and the horizontal axis is the negative log of the P value.
Table S1 Thirty-six differentially expressed microRNA (miRNAs) between the curcumin-treated and control groups.
